The development of an energy-degraded RI beam is described. RI beams are produced by intermediate energy nuclear reactions such as projectile fragmentation and in-flight fission. The energy of the RI beam is lowered by multi-step degraders. A method to produce such a lowenergy RI beam was examined by a simulation. It was applied in the experiment to make a low-energy 46 Ar beam and in-beam γ -ray spectroscopy using the fusion-evaporation reaction and Coulomb excitation of the 46 Ar beam was performed. This RI beam deceleration method was also considered for the RI beam facility (RIBF) and a simulation to produce a low-energy
Introduction
The recent development of RI beams has enabled us to study the structures of nuclei far from the line of β stability. By using projectile-fragmentation reactions at intermediate incident energies, various RI beams can be produced. Gamma-ray spectroscopy with such fast exotic beams has successfully provided important information regarding changing shell structure and the identification of new shell gaps in unstable nuclei, etc. However, these studies are limited to near the ground state. In order to study excited states from moderate to high angular momentum values close to the yrast line, reactions with beam energies at or slightly above the Coulomb barrier are required, e.g. 2-10 MeV/nucleon.
One method of producing such low-energy RI beams is isotope-separation-on-line. In this method, target-like fragments are produced by irradiating a heavy mass target with light particles. RI beams are post accelerated after being ionized and extracted from the ion source. The isotope production rate is strongly dependent on the chemical properties of ions, which puts a restriction on the available nuclides. In addition, the time-consuming processes of ionization, extraction, and acceleration further limit the beam rates, especially for those far from stability.
In order to overcome these difficulties, we have developed a novel method to produce low-energy RI beams that are produced in fragmentation from the intermediate energy, and the energy is lowered to ∼4 MeV/nucleon using multi-step degraders at the fragment separator.
This method was demonstrated at the RIPS fragment separator [1] by producing a low-energy 46 Ar beam at ∼4 MeV/nucleon, which was used for the fusion-evaporation reaction, 9 Be( 46 Ar, xn) 55−x Ti, to study high-spin states of neutron-rich Ti isotopes. Gamma rays resulting from the residual nuclei ( 49−51 Ti) were successfully observed and the high-spin level structure of these nuclei was investigated [2] . In this paper, the production of a low-energy 46 Ar beam and in-beam γ -ray measurements using the energy-degraded 46 Ar beam are presented. The application of this method to the RI beams at RIBF [3] and the future prospects of experimental studies using the energy-degraded RI beams there will also be discussed.
A method to produce an energy-degraded RI beam
In this section, a method to produce an energy-degraded RI beam ( 46 Ar) at RIPS is described.
In order to produce an intense 46 Ar beam, a projectile-fragmentation reaction is employed by using high-intensity 48 Ca ions as a primary beam irradiating on the thick 9 Be target. The fragment of interest is selected and transported by the fragment separator, RIPS [1] . RIPS is a doubly achromatic magnetic spectrometer with an intermediate dispersive focal plane (F1) between two 45 • dipoles that bend in the same direction, as shown in Fig. 2 of Ref. [1] .
The angular acceptance and momentum acceptance of RIPS are 80 mrad (circle) and 6%, respectively. The desired nucleus is selected based on the magnetic rigidity analysis and energy loss of fragments passing through the wedge-shaped degrader placed at F1. After the doubly achromatic focus (F2), fragments are further transported downstream through quadrupole triplet magnets to the final focus (F3). In our method, the beam energy of the fragment is lowered by the wedge-shaped thick degrader at F1 and another flat degrader placed at F2.
The optimum beam energy at the secondary target to populate high-spin states of 49−51 Ti by the 46 Ar + 9 Be fusion-evaporation reaction was estimated to be ∼4 MeV/nucleon by a statistical model calculation using the CASCADE code [4] . In Fig. 1 , the expected excitation functions of nuclei produced by the xn (solid line), 1pxn (dashed line), and 1αxn (dash-dotted line) channels in the 46 Ar + 9 Be fusion-evaporation reaction are plotted as a function of incident beam energies. The cross section to populate 50 Ti is calculated to be ∼700 mb at 4.3 MeV/nucleon, and 50 Ti is the strongest channel. As shown in the figure, the xn channel is the strongest and the other channels are one order of magnitude smaller. Each xn evaporation channel can be selected by the incident beam energy. For example, 50 Ti can be most strongly populated at the beam energy region between 3 and 5 MeV/nucleon. In order to find the optimum thickness of the primary target and wedge degrader at F1, and to estimate the beam profile, yield, and energy distribution at the secondary target, the INTENSITY [5] and MOCADI [6] codes with configuration of the optical parameters of RIPS were used.
By using the INTENSITY code, the optimum target thickness is investigated so as to yield maximum 46 Ar beam rates within the acceptance of RIPS. In the calculation, a primary beam energy of 63.4 MeV/nucleon is used and the intensity is assumed to be 50 pnA. The target thickness is chosen to be 300 mg/cm 2 and the intensity is calculated to be 4.3 × 10 6 pps based on the cross section from the EPAX prescription [7] . The energy of the 46 Ar beam after the target is calculated to be 40 MeV/nucleon and 100% of charge state of 46 Ar at this energy is estimated to be 18 + by the formula of Ref. [8] .
To improve the purity of the 46 Ar beam and to simultaneously lower the energy, a wedge-shaped Al degrader is used at F1. The wedge angle is chosen so as to keep the achromatic condition at F2. As the thickness of the F1 degrader increases, the purity of 46 Ar is improved while the intensity decreases because it is fragmented by the charge state distribution and the angular and momentum spread is increased after passing through the degrader. The purity, intensity at F2, and fraction of the 18 + charge state in total intensity are plotted as a function of the thickness of the F1 degrader in Figs. 2(a) , (b), and (c), respectively. The optimum thickness of the F1 degrader is determined to be 180 mg/cm 2 based on the figure of merit defined as (purity) 2 × (intensity) × (fraction of 18 + ) as shown in Fig. 4(d) . With this condition, the 46 Ar beam intensity and purity at F2 are estimated to be 3.1 × 10 6 and 99.4%, respectively. The energy of the beam after the F1 degrader is 23.7 MeV/nucleon. In order to evaluate the profile, energy distribution, and transmission of the 46 Ar beam at the RIPS fragment separator, a Monte Carlo simulation using the MOCADI code [6] was performed. In the calculation, a RIPS transfer matrix up to the third order (K. Yoshida, private communication) was used and the basic parameters such as angular and momentum acceptance were taken into account. The thickness of the F1 wedge degrader was chosen as 180 mg/cm 2 . From the primary target to the F2 focus, the charge state of the 46 Ar beam is assumed to be 18 + . After F2, the charge state distribution is estimated as shown in Fig. 3 , and it is included as an input parameter of the MOCADI calculation. The beam profile and energy distribution at the final focal plane F3 were simulated as shown in Figs. 4(a) and (b), respectively. The beam spot size on the target was estimated to be 62.6 mm (horizontal) × 22.1 mm (vertical) at FWHM.
An experiment using the energy-degraded RI beam
In order to pursue our new method to produce a low-energy RI beam and apply it to the fusionevaporation reaction to study high-spin states of neutron-rich nuclei by in-beam γ -ray spectroscopy, we have performed an experiment at the RIPS beam line of the RIKEN accelerator facility. In this 4/14 PTEP 2012, 03C005 E. Ideguchi section, the production of the energy-degraded RI beam, 46 Ar, and in-beam γ -ray spectroscopy using the 9 Be( 46 Ar, xn) 55−x Ti fusion-evaporation reaction are described.
Production of the energy-degraded RI beam, 46 Ar
A primary beam of 48 Ca 17+ with an energy of 63.4 MeV/nucleon and an intensity of about 1.5 µA was provided from the RIKEN ring cyclotron (RRC). The secondary 46 Ar beam was produced by the projectile-fragmentation reaction of the 48 Ca beam on a 9 Be target of 1.625 mm thickness as estimated by the INTENSITY code.
The energy of the fragments was lowered by energy degraders placed at F1 and F2. An aluminum plate with a curved shape, which has an equivalent function to the wedge-shaped achromatic degrader, was used as the F1 degrader.
At F2, an aluminum flat plate was placed after the F2 slit. The F2 degrader can be rotated relative to the beam direction, and then the effective path length of the beam can be adjusted in order to obtain the required beam energy. The thickness was chosen to be 0.3 mm to achieve an optimum energy of about 4 MeV/nucleon on average.
The magnetic rigidities of the two dipole magnets D1 and D2 were set to be 2.36 and 1.79 Tm, which are equivalent to 40.3 and 23.4 MeV/nucleon of the 46 Ar 18+ energy, respectively. After isotope separation between the primary target and F2, an almost pure 46 Ar beam was obtained at F2. The rotation angle of the F2 degrader was set to 18.7 • , and the average energy of the secondary beam between F2 and F3 was 6.3 MeV/nucleon, which corresponds to 4.0 MeV/nucleon at the secondary target after passing through the beam-line counters. As shown in Fig. 3 , the charge states of 46 Ar were distributed between 14 + and 18 + after passing the F2 degrader, and the magnetic rigidities of the quadrupole magnets Q10-Q12 were set to maximize the transmission of the 46 Ar 16+ beam. An intensity of 1 × 10 6 pps for the 46 Ar beam was obtained at the secondary target.
In order to deduce the beam image as well as the incident angle on the target, two PPACs (PPACa and PPACb) [9] placed upstream of the target were used. The beam hit position on the target was extrapolated on an event-by-event basis using the hitting position in the two PPACs. events. The beam position and incident angle on the target were also used for the Doppler correction of the γ -ray energy.
The energy of the 46 Ar beam was measured by the time-of-flight (TOF) between the timing signal of the plastic scintillator at F2 (F2pl) and that of the PPACs at F3. A plastic scintillator of 0.1 mm thickness and a 50 × 50 mm 2 active area was used. The energy losses in the two PPACs before the target and the half thickness of the target were taken into account to deduce the beam energy. Figure 6 shows the energy spectrum of the secondary 46 Ar beam at the center of the target. The energy was distributed between 2 and 7 MeV/nucleon due to the energy straggling by passing through the aluminum energy degraders and the beam-line detectors. This distributed energy of the beam was used for excitation function analysis, as described below.
Gamma-ray spectroscopy using the 9 Be( 46 Ar, xn) 55−x Ti fusion-evaporation reaction
In order to populate high-spin states of neutron-rich Ti isotopes, a 9 Be( 46 Ar, xn) 55−x Ti fusionevaporation reaction was employed. The energy-degraded 46 Ar beam was irradiated on a thin 9 Be foil of a 10 µm thickness and 10 cm in diameter. The size of the target was chosen to cover the 46 Ar image size as described above, and the thickness was selected to allow transmission of the secondary beam to suppress the background from β-delayed γ rays and to minimize the Doppler broadening effect in the target.
Gamma rays de-exciting from high-spin states of reaction products were measured by the CNS-GRAPE [10] , consisting of 18 high-purity segmented planar-type germanium detectors together with one coaxial and two clover-type Ge detectors. Each GRAPE detector contains two planar-type germanium crystals with an effective volume of 2.0 cm thickness and a diameter of 6.0 cm, each of which shares a common anode. The cathode electrode is divided into nine segments (3 × 3) and by applying a pulse shape analysis to the signals, the γ -ray interaction position in the crystal can be deduced. This position extraction results in effectively small granularity and, accordingly, the γ -ray energy resolution is improved by reducing the Doppler broadening effects. After the secondary target, another PPAC was placed to detect the outgoing reaction products from the secondary target. The Doppler shifts of the γ rays were corrected by using a momentum vector derived from the hitting position extrapolated by the two PPACs before the target and the outgoing direction deduced by the PPAC after the target, and the velocity of the reaction product calculated from the incident beam energy and reaction kinematics. The PPAC after the target is also useful for the reduction of γ -ray background. Since RI beams are β-unstable nuclei, β-delayed γ rays of 46 Ar become a large background if the beam stops around the target. Events associated with the fusion-evaporation were selected based on the energy difference between the incident and outgoing beams and the reaction products. In Fig. 7(a) , a 2D contour plot of incident and outgoing particle energies is shown. The solid circle in Fig. 7(a) indicates the events associated with the evaporation residues. Figure 7 (b) displays the time spectra of the Ge detectors before and after the setting gate for the fusion events in Fig. 7(a) . The peak around 0 ns corresponds to prompt γ -ray emission events, and the background γ rays were efficiently reduced by the gate.
Although the secondary beam energy is widely distributed after passing through the energy degraders, as shown in Fig. 6 , this energy spread can be utilized for the identification of γ rays. As shown in Fig. 1 , the excitation function of 49−51 Ti isotopes by the fusion-evaporation reaction ranges roughly between 2 and 8 MeV/nucleon. Therefore, by applying gates on different energy regions to the beam-energy spectrum of Fig. 6 , the γ -ray yield will change depending on the excitation function of the individual reaction product. Figure 8 shows γ -ray spectra created by gating on three different energy regions: (a) 2.0-3.4 MeV/nucleon, (b) 3.6-5.0 MeV/nucleon, (c) 5.1-7.0 MeV/nucleon. Previously known γ rays of 49−51 Ti isotopes [11] [12] [13] are labeled with their energies in keV and isotopes. As shown in the figure, γ -ray peaks of 50 Ti appear from (a) to (c) and are strongest in (b), while those of 51 Ti and 49 Ti appear strongly in (a) and (c), respectively. This trend is consistent with that of excitation function in Fig. 1 . Since higher-lying transitions will appear in relatively higher energy regions, detailed analysis of γ -ray yield as a function of beam energy is also useful to find the order of γ -ray transitions. For example, the 1224 keV peak of 50 Ti appears significantly in (b) and (c) only, while other transitions, such as 1121 keV, look strong in (a). This trend is consistent with the fact that the 1224 keV peak corresponds to the high-spin transition (11 + ) → 10 + , while 1121 keV is a low-lying 4 + → 2 + one.
Based on these excitation function analyses on individual γ -ray transitions as well as γ -γ coincidence analysis, new transitions in 49,51 Ti nuclei have been identified [2] . 
Coulomb excitation of the 46 Ar beam
The wide beam spread of the energy-degraded RI beam is another disadvantage, but it enables the performance of low-energy Coulomb excitation measurement simultaneously with γ -ray spectroscopy using the fusion-evaporation reaction.
Since the incident and output angles of the energy-degraded RI beams from the target are broadened, Coulomb excitation events with scattering angles of up to 6 • in the laboratory frame can be detected by using PPACs before and after the target. In this case, events associated with the RI beams in Fig. 7(a) are used, and therefore the accidental background as shown in Fig. 7(b) is large. In order to reduce the effect of accidental backgrounds, a scattering angle between 3 • and 6 • is used and γ rays from the Coulomb excitation are extracted by setting gates on the prompt component in Fig. 7(b) . In Fig. 9 , the Doppler-corrected γ -ray spectrum relevant to the Coulomb excitation of 46 Ar is displayed and a γ -ray peak at 1556.0(12) keV was identified. There have been several reports on the excited states of 46 Ar, [14] [15] [16] [17] and the reported 2 + energies are in fair agreement with our value. In our measurement, the 2 + energy was determined with better energy resolution. The inset of Fig. 9 shows the calculated Coulomb excitation cross section for the 2 + (filled circle) and 4 + (open circle) levels for the 46 Ar beam on a 9 Be target at 4 MeV/nucleon. The matrix elements used in the calculation were deduced by using the reported half-life of the 2 + level [14] . As shown in the figure, excitation to the 4 + state is about one order of magnitude smaller than that to the 2 + state. Since the statistics is not high enough and the scattering angle used was limited in this measurement, only the 2 + → 0 + transition was identified.
As demonstrated in this measurement, γ -ray measurements from Coulomb excitation are also possible by using the energy-degraded RI beams. It is expected that γ transitions from higher-spin levels will be possible if a higher Z target is used and a larger scattering angle is detected by placing position-sensitive detectors around the target.
Energy-degraded RI beam at RIBF

A method to produce an energy-degraded RI beam at RIBF
Recently, a new-generation RI beam facility, RIBF [3] , started operating at the RIKEN Nishina Center; it can provide the world's highest intensity RI beam at present. By applying the method of deceleration described above at RIBF, a huge variety of low-energy RI beams with high intensity will be available in various mass regions.
The RI beams at RIBF are produced by the superconducting in-flight RI beam separator BigRIPS [18, 19] employing projectile fragmentation reactions as well as in-flight fission. The BigRIPS separator has seven focal planes (from F1 to F7) and it is connected to the ZeroDegree spectrometer, with four focal planes (from F8 to F11), as shown in Fig. 10 [20] . The primary beam of 345 MeV/nucleon for heavy mass ions such as 238 U is provided by the cascade operation of the accelerator complex, consisting of a linear accelerator and four cyclotrons. In order to apply the deceleration method, the BigRIPS separator is used in a two-stage separator mode, where the wedgeshaped energy degrader is used at momentum dispersive focal planes (F1 and F5) in the first and second stages to obtain a good purity and moderately narrow energy spread by optimizing the wedge angle. As a typical example of the production of energy-degraded RI beams at RIBF, the case of the production of a low-energy (∼4 MeV/nucleon) 108 Mo beam starting from the in-flight fission of 238 U at 345 MeV/nucleon is considered below.
As discussed in the previous section, charge state distribution causes a decrease in beam intensity. In Fig. 11 , the charge state distribution after passing through the aluminum degrader is plotted as a function of beam energy. In the figure, filled circles, open circles, open squares , and open triangles correspond to the charge states of 42 + , 41 + , 40 + , and 39 + , respectively. As shown in the figure, more than 90% of the 108 Mo ions will be fully stripped (42 + ) if the beam energy is more than 110 MeV/nucleon. Therefore, in order to minimize the loss of beam intensity due to the charge state distribution, we examined the case that the beam energy of 108 Mo is lowered via two wedge degraders at the momentum dispersive focal planes, F1 and F5, so as to reach 110 MeV/nucleon at PTEP 2012, 03C005 E. Ideguchi the achromatic focal plane, F7. Then, the beam energy is further lowered to ∼4 MeV/nucleon by another aluminum degrader at F7 and the beam is transported to the next achromatic focal plane, F8, where a detector setup for the secondary reaction is supposed to be placed.
In order to simulate the RI beam production and deceleration by passing through the target, aluminum degraders, and beam-line detectors in the BigRIPS spectrometer, the code LISE++ [21, 22] was employed. A primary beam intensity of 5 pnA was assumed in the simulation. The thickness of the 9 Be primary target was determined to be 4 mm to obtain maximum intensity for the 108 Mo beam. In this case, the beam energy of 108 Mo immediately after the primary target is ∼300 MeV/nucleon. A thickness of 12 mm is necessary for the aluminum degrader to lower the beam energy to 110 MeV/nucleon. This thickness is divided between the degraders placed at F1 and F5 in order to lower the beam energy. Figure 12 shows a plot of beam image size at FHWM at the F2 and F7 achromatic focal planes for different combinations of degrader thickness where the achromatic transportation is configured in the simulation. In order to obtain a moderate beam image size at F2 and F7, degrader thicknesses of 8 mm at F1 and 4 mm at F5 were chosen. With these degrader conditions, the energy distributions of the 108 Mo beam together with the other contaminants before the energy degraders at the F1, F5, and F7 focal planes are plotted in insets (a), (b), and (c) of Fig. 10 , respectively.
In our method to obtain low-energy 108 Mo beams of ∼4 MeV/nucleon at the F8 focal plane with small beam spot and high purity without significantly losing the intensity, a thick degrader is chosen at F1 and the wedge angle is set for the achromatic transportation in the first stage of BigRIPS. In the second stage, the wedge angle is adjusted to obtain moderately high purity, narrow energy spread and small beam spot size at F8. Figure 13 shows a plot of purity and energy spread of the 108 Mo beam at F8 while changing the wedge angle of the energy degrader at F5. Filled circles and open circles correspond to the purity and energy spread, respectively. As shown in the figure, if an achromatic angle is chosen, high purity (∼30%) can be obtained but the energy spread is large, while, in the case of a monochromatic angle, a narrow energy spread is obtained but purity is relatively low and the intensity is a factor of 2.6 smaller. If the wedge angle is between the achromatic and monochromatic angles, a wedge-shape degrader is used at F7 to narrow the energy spread at F8 in the simulation. An optimum wedge angle of 4.7 mrad was selected and in this case a purity of 22%, an energy spread of ∼7 MeV/nucleon, and PTEP 2012, 03C005 E. Ideguchi an intensity of 1.1 × 10 5 pps were obtained. In this case, the transmission between the primary target and F8 was 6%, while that between F3 and F8 was 46%. Beam image and energy distribution of the 108 Mo beam together with other contaminants are plotted in Figs. 14 and 15, respectively. In Fig. 14, the left panel shows the distribution of RI beams in the horizontal direction and the right panel shows that in the vertical direction. This spot size is small enough to be incident on the secondary target. As shown in Fig. 15 , an average beam energy of ∼4 MeV/nucleon can be obtained; this is similar to the case for the 46 Ar beam produced at the RIPS beam line. Since the other contaminants are well separated in higher energy, further selection of the 108 Mo beam can be achieved by using timeof-flight information on an event-by-event basis. Use of a velocity-filtering device such as an RF deflector is another option for improving the purity.
As described above, the LISE++ simulation demonstrates that a low-energy 108 Mo beam can be produced at RIBF by the method using multi-step degraders. This method is general and can be applied to the other RI beams produced at RIBF by in-flight fission and fragmentation. 
Perspectives using energy-degraded RI beams at RIBF
As shown in the previous section, a wide variety of energy-degraded RI beams will be available at RIBF. By using these low-energy RI beams, various experiments using low-energy nuclear reactions can be performed and the research area will be greatly expanded. For example, studies of high-spin states using fusion-evaporation reactions are so far limited to proton-rich nuclei relative to the β stability line. By using neutron-rich RI beams, this study can be expanded to neutron-rich nuclei. As noted in the previous section, a low-energy 46 Ar beam is produced at the RIPS beam line and γ -ray spectroscopy of 49−51 Ti was demonstrated. At RIBF, it is expected that more neutron-rich beams such as 44 S could be produced and high-spin γ -ray spectroscopy of neutron-rich Ca isotopes will be available by the 9 Be( 44 S, xn) 54−x Ca reaction. As for the proton-rich side, studies of high-spin states could be expanded to the Z > N region if proton-rich RI beam is employed in the fusion-evaporation reactions.
In addition to fusion-evaporation reactions, other low-energy nuclear reactions such as Coulomb excitations, transfer reactions, and deep inelastic reactions will be applicable. In the neutron-rich mass number ∼100 nuclei, a ground-state shape transition from prolate to oblate is predicted [23] . A measurement of multiple Coulomb excitations using the reorientation effect is a unique method to extract the quadrupole moment sign that reflects the shape of the nuclei. With the transfer and deep inelastic reactions using neutron-rich RI beams, studies of excited states could be further expanded to more neutron-rich regions.
Since the use of low-energy RI beams is of wide application as just described, further development of such beams and expansion of the research area is expected at RIBF.
Summary
A novel method to produce energy-degraded RI beams is presented. The energy of the RI beam created by fragmentation or in-flight fission is lowered by multi-step degraders. This method was applied to a 46 Ar beam created by the fragmentation reaction of an intermediate-energy 48 Ca primary beam at the RIPS beam line. Low-energy 46 Ar at ∼4 MeV/nucleon with an intensity of 10 6 pps was produced. The properties of the beam were in fair agreement with the result of simulations. This was 13/14 PTEP 2012, 03C005 E. Ideguchi used for the fusion-evaporation reaction, and in-beam γ -ray spectroscopy to study high-spin states of 49−51 Ti was successfully performed. In addition, a de-excitation γ ray after the Coulomb excitation of the 46 Ar beam was also observed. A similar method was applied to RIBF and a case for the production of a low-energy 108 Mo beam was simulated. These results demonstrate the effectiveness of energy-degraded RI beams applied to low-energy nuclear reactions such as fusion-evaporation and Coulomb excitation. This method will provide new means at RIBF for studying unstable nuclei, not only in the direction of isospin but also in the direction of high angular momentum.
